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Background:  Cardiovascular disease, including ischemic-reperfusion injury, is the 
number one cause of mortality in the United States.  Among numerous contributing 
factors, a westernized high fat diet can negatively affect cardiovascular health or 
compound existing cardiovascular disease.  To date, studies have focused on the effects 
of ischemic-reperfusion injury and high fat meal(s) on the endothelium separately, but 
have not investigated the impact they have together.  Primary Aim:  The primary aim 
of this study was to assess the impact of a single high fat meal followed by an ischemic-
reperfusion injury on endothelial-dependent vasodilation.  Methods:  Subjects 
consumed either a single high fat meal or placebo, at least seven days apart.  The high 
fat meal was appropriated to each individual and contained 1.5 grams of fat per kg of 
body weight.  Endothelial function was assessed with a flow-mediated dilation 
technique via ultrasound measurements of the right brachial artery in both the placebo 
and high fat meal conditions before and after ischemic reperfusion injury.  The 
ischemic-reperfusion period consisted of 20-minutes of occlusion distal to the 
ultrasound measurement followed by 20-minutes of reperfusion.  Occlusion was 
achieved in both the ischemic-reperfusion period and flow-mediated dilation periods 
with use of rapid blood pressure cuff inflation.  Results:  The high-fat meal by itself 
significantly impaired the flow-mediated dilation of the brachial artery.  After the 
ischemic-reperfusion injury there was still significant impairment in the dilation of the 
endothelium.  These results suggest that the high fat meal has a lasting effect in 
impairment of the endothelium that prolongs the endothelial health following a negative 
ix 
cardiovascular event such as ischemic-reperfusion injury.  This can help to explain how 
a normal population is directly affected by the consumption of even one high fat meal, 
and how the effect can carry a lasting impact on their endothelial health. 
1 
Chapter 1: Introduction 
 
Globally, cardiovascular disease is the number one cause of death, with many of 
those attributed to the myocardial injury associated with an ischemic-reperfusion insult.  
The development of coronary artery disease and subsequent myocardial infarction is 
due to atherosclerotic plaque development within the coronary vasculature.  Several risk 
factors such as smoking, insulin resistance, diabetes, lack of physical activity, unhealthy 
diet, and high levels of triglycerides may play a role in the development of this 
atherosclerotic plaque
1
.  If untreated, this coronary plaque will result in a thrombotic 
coronary artery occlusion and subsequent myocardial ischemia.  While the myocardium 
can tolerate brief periods (~15 min) of severe myocardial ischemia, prompt reperfusion 
of the tissue is required.  However, with increasing duration of ischemia the act of tissue 
reperfusion can elicit significant myocardial injury, known as ischemic reperfusion (IR) 
induced injury. 
 
 Mitochondria are one of the primary cell components affected by IR-induced 
injury and both endothelial and myocardial cells rely on mitochondria as an energy 
producer and regulator of programmed cell death
2
.  During a period of IR, permeability 
transition pores in the mitochondria open leading to a consumption of ATP, excessive 
water entry, and ultimately death.  Such permeability transition pores are susceptible to 
changes in calcium levels, redox, voltage, and pH.  Furthermore, reperfusion introduces 
additional reactive oxygen species (ROS) that can further increase permeability 
transition pore opening. 
2 
 IR-induced injury can worsen cardiac cell damage after the removal of an 
occlusion in a coronary artery through myocardial stunning and microvascular and 
endothelial injury
3
.  During arterial occlusion within the heart the highly aerobic cardiac 
myocytes are deprived of the oxygenated blood necessary to sustain function and 
health, bringing the cells into an ischemic condition
4
.   Consequences of this ischemic 
period include increases in hydrogen ion concentration, a drop in blood pH, and near 
exhaustion of the glycolytic and creatine phosphate systems
3, 4
.  As such, if occlusion 
lasts beyond 20 minutes, permanent damage will be sustained by the cardiac myocytes
2
.  
However, if reperfusion of the myocardial tissue occurs the ischemic damage can be 
minimized, but not without consequence.  With reperfusion the ischemic tissue 
experiences an increase in ROS that not only impacts the cardiac myocytes, but can also 
decrease arterial function.  Following IR-injury, a decreased endothelium-dependent, 
nitric oxide (NO) mediated vasodilation is observed within the arteries
5
 due primarily to 
an altered balance between NO bioavailability and ROS production.  Additionally, 
reductions in microvascular perfusion may follow IR-injury
6
.  This could be due in part 
to capillary plugging, endothelial swelling, and edema-driven capillary compression 
that had built up during the ischemic period
6
. 
Currently, the Western diet contains an excess amount of fat consumed in 
everyday life
7
.  High-fat meals consumed in succession lead to a decrease in 
endothelium-dependent dilation, due in part to an increase in oxidative stress.  This 
suggests that compounding one high fat meal after another leads to even higher levels of 
endothelial dysfunction
8
.  However, even after the consumption of a single high-fat 
meal blood triglyceride levels significantly increase above that seen with a low-fat 
3 
meal.  During this acute hypertriglyceridemic state, increases in blood triglyceride 
levels lead to oxidative stress and the inhibition of nitric oxide bioavailability.  Over 
generation of the superoxide anion (O2
-
) leads to the inactivation of nitric oxide.  This 
inhibition of nitric oxide production and bioavailability diminishes the ability of the 




 Accordingly, the primary aim for this investigation was to determine the 
magnitude of IR-injury, following a single high-fat meal, on vascular function.  The 
rationale for this investigation was that because IR-induced injury is, in part, elicited via 
increases in ROS, the IR-induced injury following a high fat meal would be increased.  
It was therefore hypothesized that postprandial hypertriglyceridemia will result in an 
increased ischemic reperfusion injury as determined by the degree of endothelial 
impairment.  To test this hypothesis, the effects of IR-induced endothelial function were 
examined via endothelium-dependent brachial artery flow-mediated dilation, before and 
after a single high-fat meal.  Brachial artery endothelial function was chosen as a 
surrogate for the coronary circulation because 1) of the danger associated with direct 
occlusion of the coronary arteries, 2) brachial artery endothelial function is strongly 
associated with gold-standard measurements of coronary artery function
10
, and 3) the 
forearm model of IR-induced injury has previously been used successfully in 







1. To determine the effects of postprandial hypertriglyceridemia, via high-fat 





1.  Postprandial hypertriglyceridemia will augment the decrease in vascular 
endothelial function following ischemic reperfusion injury. 
 
Significance of the Study 
 
 Examining the effect of a high-fat meal on ischemic reperfusion injury could 
provide insight into potential consequences for individuals who have high-fat meals 
consistently included in their diets.  In addition, this study could provide additional 
information about how exactly a high-fat meal affects endothelial dilation as it pertains 
to ischemic reperfusion.  Considering CVD is the leading cause of death worldwide, 
information provided by this study could assist in altering the traditional westernized 




1. All subjects will be fasted prior to the ingestion of the high fat meal. 
2. All subjects have a similar and consistent westernized diet. 
5 
3. Subjects do not consume excess water or other materials after the ingestion of 




1. All subjects were free of cardiovascular disease. 




1. Subjects were only sampled from in and around the University of Oklahoma 
2. Brachial artery endothelial function was used as a surrogate for coronary artery 
endothelial function. 
3. Due to the texture and taste of the high fat meal, participants could not be 




Cardiovascular Disease (CVD) – a group of disorders of the heart and blood vessels 
including: coronary heart disease, cerebrovascular disease, peripheral arterial disease, 




Myocardial Infarction (MI) – heart attack
14
 (Mayo Clinic) 
6 




Ischemia – An inadequate blood supply to an organ or part of the body. 
Cardiac Myocytes – Muscle cells of the heart. 
Ischemic Reperfusion (IR) – Re-entry of oxygenated blood past a removed blockage in 
a blood vessel that results in tissue dysfunction, injury, or death. 
  
7 
Chapter 2: Literature Review 
 
Ischemic Reperfusion Injury 
 
Myocardial Infarction (MI) accounts for 17 million deaths worldwide with the 
majority of those deaths being related to Ischemic Reperfusion (IR) –induced MI
15
.  
Usually MI is due to a thrombotic coronary artery occlusion, ischemic conditions and 
cell death that will begin to develop past the blockage
16
.  If reperfusion is achieved prior 
to ischemic cell death this will cause further damage that leads to apoptosis and necrosis 
of the cardiac myocytes
2, 3, 15, 17
. 
 
 Cardiac myocytes are highly aerobic cells that rely primarily on oxidative 
phosphorylation to meet their energy needs
4
.  Therefore, these cells require blood flow 
to be constant to avoid any cellular damage and to meet metabolic needs.  This 
depravation of oxygenated blood can be sustained for up to 20 minutes before causing 
permanent damage to the myocytes
16
.  In the case of MI, when myocytes are deprived 
of oxygenated blood, hydrogen ion concentration increases, pH drops to 5.5-6, and the 
glycolytic and creatine phosphate systems are nearing exhaustion
4
.  An increase in 
cystolic hydrogen ions causes cystolic sodium to increase followed by an overload of 
cystolic calcium
3, 4
.  This overload of calcium into the cell can cause the heart muscle to 
contract without a period of relaxation.  With the heart unable to relax, there is little 
filling of the ventricles with blood.  Ultimately this leads to an inability to pump blood 
throughout the body and leads to further cell death. 
8 
 
 If there is reperfusion of blood into the ischemic cardiac myocytes, reactive 
oxygen species (ROS) flood the tissue in addition to the increased calcium levels
18, 19
.  
This overflow of ROS mediates mitochondrial damage and dysfunction that leads to the 
death of the cells
20
.  In normal cells, small amounts of ROS are produced in the 
mitochondria in the form of superoxide, which can actually drive cell proliferation and 
hypertrophy
20
.  However, it is the overflow of ROS that can cause the mitochondria to 
trigger necrosis and apoptosis.  A key factor in triggering necrosis and apoptosis is the 
opening of mPTP, a multiprotein complex that forms a nonselective pore in the 
mitochondria.  An increase in calcium, ROS, acidosis, etc., all increase the amount of 





Ischemic Reperfusion Injury and Endothelial Function  
 
 In addition to cardiac myocyte damage accrued from IR injury there can also be 
injury to endothelial cells.  Consequences of hypoxia such has a disturbance in 
membrane potential, increase in reactive oxygen species, decrease in nitric oxide 
production, intracellular volume, and decreased membrane fluidity are exacerbated 
upon reperfusion
21
.  Endothelial cell dysfunction in arterioles following IR is primarily 
a result of impaired endothelium-dependent, NO-mediated relaxation of smooth 
muscle
21





 In a study by Gross et al., they sought to determine if these superoxide anions 
were primarily responsible for endothelial damage resulting from IR-injury.  The left 
anterior descending coronary artery of a dog heart was examined for its endothelium-
dependent responses.  They found that after multiple 5 minute occlusive and reperfusion 
periods oxygen-derived free radicals play a key role in diminishing endothelial function 
in the coronary arteries
22
.  A similar study involving cat hearts reported superoxide 
anions as the primary cause for endothelium injury and dysfunction
23
.  The endothelial 
dysfunction from IR can be seen at two and a half minutes following reperfusion but not 
before reperfusion
23
 .  This suggests that the impairment occurs during the reperfusion 
as a result of the chain of events caused by superoxide anions
23
.  Tsao et al., examined 
the effects of separate superoxide dismutase and nitroglycerin injections after a 30 
minute ischemic period.  They found that endothelial injury was blocked with the 
application of superoxide dismutase and compared to no protection with nitroglycerin.  





 Age may also play a great factor in an individual’s response to IR-injury.  To 
determine the impact of age on endothelial-dependent dilation FMD and circulating 
markers of nitric oxide breakdown of both young (18-40 yrs) and middle aged (41-65 
yrs) individuals were measured in a study by DeVan et al.  The FMD response after IR-
injury from sedentary middle aged subjects was significantly less than the response 
from sedentary young adults
25
.  Additionally, they reported that the middle aged 




However, they did suggest that middle-aged individuals had lowered NO bioavailability 
as indicated by lower serum nitrite levels
25
.  Another study focusing on IR-injury in 
young adults examined the effect of resistance training on IR-injury to the endothelium.  
In the study by DeVan et al., those who were resistance trained were more protected 
from IR-injury as compared to the non-resistance group.  This protection from IR-injury 
is reflected by a greater FMD response from the resistance trained group
26
.  The 
repeated bouts of IR caused from muscle contractions during resistance training may 




High Fat Meal(s) and Endothelial Function 
 
 More than 64 million Americans have one or more types of cardiovascular 
disease (CVD), which represents the leading cause of mortality in the United States of 
America
7
.  Currently, the Western diet contains an excess amount of total fat as 
compared to previous years
7
.  The total amount of fat being consumed has been 
consumed has been considered more important than the type of fat that is being 
consumed by the everyday American
7
.  This consistent elevation of fat in the everyday 
diet can lead to some of the CVD seen today.   
 
CVD such as atherosclerosis is caused by the buildup of plaque that is 
associated with fat, cholesterol and other substances found in the blood.  High fat meals 
overtime can continue to put more triglycerides into the blood and potentially increase 
plaque buildup
27
.  In addition, impairment of the vascular endothelium through 
11 
oxidative stress can also contribute to the progression of atherogenesis and 
atherosclerosis
27
.  Oxidative stress may occur when there is an over generation of 
superoxide anion (O2
-
), which can then inactivate nitric oxide (NO)
9
 .  The inhibition of 
NO can lead to a decrease in the ability of the endothelium to dilate (REF – Ade).  
Furthermore, NO and O2
-
 can interact and produce peroxynitrite (indicated by 
nitrotyrosine, NT) which is an oxidant.  This type of oxidant can lead to depletion of 
antioxidant defenses, inactivation of enzymes, and apoptosis of myocytes and 
endothelial cells
9
.  In a study by Ceriello, et. al., subjects ingested a high fat meal, 
glucose alone, and a high fat plus glucose meal and then were measured for their level 
of glycemia, triglyceridemia, nitrotyrosine, and endothelial function.  They found that 
both postprandial hypertriglyceridemia and hyperglycemia cause an elevation of 
nitrotyrosine and therefore a decrease in endothelial function
9
.  Additionally, their study 
found that hypertriglyceridemia and hyperglycemia have an independent and 
cumulative effect on endothelial impairment. 
 
After the ingestion of a high-fat meal, several studies site that there is an 
increase in oxidative stress which can contribute to endothelial dysfunction
8, 28-30
.  
Anderson et. al. and Saxena et. al. tested subjects who were type 2 diabetic.  Their 
studies suggest that increased oxidative stress during the postprandial state (which is 
higher in diabetics) correlated with hypertriglyceridemia
28, 30
.  Tushuizen et. al. took a 
different approach by giving subjects two consecutive high-fat meals.  Furthermore, 
they suggest that this increase in triglyceridemia along with the oxidative stress plays an 
important role in the development of endothelial dysfunction and therefore increased 
12 
the risk for vascular disease
8
.  In the first meal plasma tricyglycerol elevations were 
considered primarily responsible for the subjects’ increased endothelial dysfunction. 
However, Tushuizen found that postprandial oxidative stress correlated highest with 
endothelial dysfunction after the ingestion of the second meal  A study by Wei-Chuan 
et. al. reported that endothelial function was impaired following the high-fat meal in 
healthy subjects.  However, unlike the previous studies they did not find significant 
correlation between oxidative stress markers and endothelial dysfunction
8
.  This 
insignificant correlation between oxidative stress markers and endothelial dysfunction 
could be attributed to their small sample size. 
 
Once a high fat meal is ingested, the body can go into an acute 
hyptertriglyceridemic state.  Several studies have shown that this acute 
hypertriglyceridemic state leads to impairment of endothelial function
30-33
.  In a study 
by Giannattasio et. al., dyslipidemic and normolipidemic subjects were given a high-fat 
meal.  Subjects’ endothelial dysfunction was measured through the use of FMD in the 
radial artery.  They found that there was decreased endothelial function in the 
dyslipidemic subjects but not the normolipidemic controls
33
.  The study could have used 
the dyslipidemic subjects as their own control by giving them a no/low fat meal instead 
of comparing between subjects.  In a study by Shimabukuro et. al., subjects’ forearm 
blood flow was measured at 3 separate and different meals (high-fat, high-carbohydrate, 
and a “standard test meal”).  Results showed the subjects’ forearm blood flow and 
endothelial function decreased following the high fat meal but not the high-
carbohydrate or “standard test meal”.  In addition to providing the macronutrient detail 
13 
of the meals, the type of meal should be described i.e., milkshake, fast food meal, etc..  
Gaenzer et. al. found that endothelial function decreased following a high-fat meal, 
however the magnitude of post prandial lipemia significantly impacted the decrease of 
endothelial function
30
.  There was a standardized liquid fat meal given to the subjects.  
However, the subjects were tested twice once from an 8 hour fast and another week off 
of a 12 hour fast. 
 
Anderson et. al., sought to determine if this impaired endothelial function after a 
high fat meal can be attenuated with vitamin C, an antioxidant.  Their study involved a 
double blind procedure with twenty type 2 diabetics serving as their own control by 
ingesting both a high fat meal and a placebo on separate occasions.  They found that 
with 2 days of vitamin C supplementation there was no increase in oxidative stress in 
the postprandial state
34
.  However, it should be noted there was not a decrease in 
oxidative stress and therefore endothelial function did not improve but rather sustained 
baseline endothelial function
34
.   
 
Flow Mediated Dilation 
 
 The vascular endothelium throughout the body serves as an anti-coagulant 
surface, regulates fluid and molecule movement between blood and tissue, contributes 
to vascular homeostasis and maintains vascular tone and blood flow regulation
35
.  
Assessment of these functions, and the overall endothelial health, can be achieved 
through the use of a Doppler ultrasound in conjunction with a flow-mediated dilation 
14 
technique.  The use of flow mediated dilation provides an alternative invasive 





 During the flow mediated dilation technique blood flow in a limb, typically the 
arm, is occluded via the inflation of a blood pressure cuff or other tourniquet device.  
When blood flow is restored there is an acute increase in flow that results in flow-
mediated endothelium-dependent vasodilation via the production of NO and other 
endothelial derived vasodilators
12, 36
.  Measurements of artery diameter are therefore 
measured both before and after the FMD protocol and displayed as a percent change 
from pre to post.  This assessment of endothelial function is proposed to represent the 




 A study by Anderson, et. al., measured changes in both coronary and brachial 
vasodilation in each subject to examine the relationship between the two arteries.  The 
coronary artery’s endothelial function was assessed through use of a catheter.  Whereas, 
the brachial artery of each subject was measured through the ultrasound method 
described above.  When comparing the two arteries endothelial function against one 
another they found little difference
10
.  Thus they suggest that using an ultrasound 






 The magnitude of a flow-mediated dilation response can vary between different 
experimental protocols and measurement locations on the body.  In a study by Betik et. 
al., they examined blood flow and brachial artery diameter with occlusion at the 
following positions: at the wrist, forearm, brachial artery (proximal), at the wrist with 
exercise, and at the forearm with exercise.  They found that there are differences in an 
FMD response when occlusion occurs at different places on the arm with or without 
exercise
37
.  Occlusion at the proximal position provided an increased magnitude of 
reactive hyperemia which results in a greater FMD response.  Thus they recommend 
distal occlusion be used when studying endothelial function to enhance reactive 




 Using an ultrasound technique, some studies have assessed the endothelial 
health of individuals who are considered at risk for atherosclerosis
38, 39
.  Even in the 
absence of atherosclerosis those with hypertension, hypercholesterolemia, and/or 
diabetes showed decreased endothelial function when the coronary artery was measured 
through a catheter
38
.  Similar results were found in a study by Celermajer et. al., when 
they measured the endothelial function of both children and adults known to be at risk 
for atherosclerosis.  External ultrasound of the subjects’ brachial and femoral arteries 
showed an impaired flow-mediated dilation in both children and adults who had risk 
factors for atherosclerosis but were not considered atherosclerotic
39
.    In comparison, 
those who did not have any risk factors for atherosclerosis and were free of 









 All procedures were approved by the Institutional Review Board for Research 
Involving Human Subjects at the University of Oklahoma Health Sciences Center, 
which conformed to the Declaration of Helsinki.  Each eligible participant provided 




 A total of 5 men participated in the study.  Eligibility was assessed through use 
of a Medical History Form.  The subjects were recruited via campus wide emails, flyers, 




1. Men and Women 





1. Known atherosclerotic cardiovascular disease (ASCVD) defined by the history of 
acute coronary syndromes, myocardial infarction, stable or unstable angina, 
coronary or other arterial revascularization, stroke, TIA, or peripheral artery disease 
2. Diabetic 
3. Known significant ventricular arrhythmias 
4. Current sue of statin therapy 
5. > 140 mmHg resting systolic blood pressure 
6. Current use of antioxidant supplements (e.g., fish oil) 
7. Current and chronic use of anti-inflammatory drugs (e.g., NSAIDS) 
8. Current smoker or within last 6 months 




 The study utilized a randomized balanced single-blind placebo-controlled 
crossover protocol with two treatments (placebo and high fat meal).  Each treatment 
occurred at the same time of day following a >4 hr fast while also abstaining from 
caffeine. The testing procedures occurred on two separate days, at least 7 days apart.  At 
each visit plasma markers of oxidative stress along with measurements of endothelial-
dependent flow mediated dilation of the brachial artery of the forearm were assessed 
under resting conditions before, after the treatment (placebo or high fat beverage), and 
after IR (20 min arm ischemia and 20 min arm reperfusion).  The order of treatment was 
randomized. 
18 
 The high fat beverage used in the present study consisted of heavy cream that 
provided a fat dose equivalent to 1.5 g per kg of body weight.  This high fat beverage 
consisted of heavy whipping cream (Great Value Heavy Whipping Cream).  Serving 
size was measured as milliliters (mL) of whipping cream = ((body weight in kg x 
1.5)/15) x 5.  The placebo was composed of water of equal volume to the high-fat 
beverage.  Each beverage was ingested within twenty minutes. 
 
 To elicit IR-injury in the present study a rapid inflation/deflation pneumatic cuff 
(Hokanson) was positioned on the upper most proximal right arm.  To induce ischemia 
of the arm the cuff was inflated to 220 mmHg for 20 min.  Occlusion was confirmed by 
palpation of the radial artery.  The 20 min occlusion period was immediately followed 
by a 20 min period of reperfusion.  Given the strong association between brachial artery 
endothelial function and gold-standard measurements of coronary artery function, this 








 Prior to experimentation subjects’ height were measured on a standard digital 
scale [Detecto ProDoc Scale Digital Height Rod (Model: DHR/#809161147506) Webb 
City, MO].  Weight was measured with a Health-o-Meter scale (Model 349KLX 
McCook, IL).  Shoes and any headwear were removed prior to obtaining the 
19 
measurements.  Initial blood pressure measurements were taken with an Omron 
Automatic Blood Pressure Monitor [Model BP785 (HEM-7222-Z) Omron Healthcare, 




 Blood samples were collected in acid citrate dextrose (ACD) vacutainer tubes 
from the antecubital vein via a venipuncture.  The blood samples were used to obtain 
measurements of plasma oxidative stress markers (Interleukin-6, IL-6).  Immediately 
following the blood draw, each sample was centrifuged for 10 min at 3300 g.  Next the 
upper part of the plasma sample was collected without disrupting the buffy layer coat 
and stored at -80º C before analysis.  IL-6 concentrations were measured via 
commercially available Enzyme-Linked Immunosorbent Assay Tests (LabCorp, USA). 
 
Vascular Function Measurements 
 
 Endothelial function was assessed non-invasively by endothelium-dependent 
flow mediated dilation (FMD) in the brachial artery with the subject in the supine 
position. The right arm was abducted to an angle of approximately 80º from the torso at 
heart level and placed on a foam pad.  Simultaneous measurements of artery diameter 
and blood velocity were obtained with an ultrasound system equipped with a multi-
frequency linear array transducer.  Measurements were taken by multiple researchers.  
These measurements were recorded for 5 minutes prior to blood pressure cuff inflation 
20 
to determine a baseline of endothelial diameter and flow.  After baseline measurements 
the blood pressure cuff was rapidly inflated to 220 mmHg to occlude blood flow.  To 
determine the FMD response, and endothelial function, post measurements of the artery 
were recorded for 5 minutes during reperfusion that resulted from rapid cuff deflation. 
 
Brachial artery diameters were measured off-line using a commercially available 
edge-detection and wall-tracking software package, which minimizes investigator bias 
[Vascular Research Tools 6, (Medical Imaging Applications, Coraville, Iowa, USA)]. 
This system obtains diameter measurements a 15 frames per second. The baseline 
brachial artery diameters were averaged over 1 min. The post-occlusion brachial 
diameters were averaged into 3 s bins. FMD was calculated as the highest absolute 
(mmΔ) and relative (%Δ) mean average 3-s diameter following cuff release in peak 
brachial artery diameter from the preceding baseline diameter. The averaged mean 
velocity (in centimeters per second) during the baseline and post-occlusion period were 
determined using the ultrasound manufacturer’s on-screen software. From this velocity 
and diameter data the shear rate was calculated as shear rate (s
-1
) = (4 × mean blood 
velocity (cm/s) / diameter (cm). Using the trapezoid rule the area under the shear rate 
curve was calculated to quantify the stimulus eliciting brachial artery dilation. The peak 
reactive hyperemia response was taken as the highest (peak) blood velocity response 





  A commercially available statistical analysis software package was used to 
perform all statistical analyses (Sigma-Plot/SigmaStat12.5, Systat Software, Point 
Richmond, CA). All data are presented as mean ± standard deviation. Brachial artery 
FMD and peak hyperemic responses were analyzed with a two-way repeated measures 
ANOVAs (meal x time). To identify significant changes within and between groups a 
Tukey post hoc test was performed. Statistical significance was declared when P < 0.05. 
 
22 




 A total of 5 men participated in this study.  The average height (cm) and weight 
(kg) is 183.8 ± 6.61 and 98.56 ± 34.99, respectively.  The average age (years) was 20.8 
± 2.949, with the oldest at 26 years and the youngest at 19 years.  Mean body mass 
index was 28.735 ± 8.57. 
 
 





Sex (men/women) 5/0 
Age (years) 20.8 ± 2.9 
Height (cm) 183.8 ± 6.6 
Weight (kg) 98.56 ± 34.99 
Body mass index (kg m-2) 28.735 ± 8.57 




Subjects began each testing day under the same conditions.  The subject 
conditions were that they were fasted before beginning testing during the early to mid-
23 
morning.  Due to this, there were no significant differences for any variables between 
the Placebo and HFM conditions at baseline. 
 
 Systolic blood pressure means were 122.9 ± 12.8 mmHg for the placebo 
condition, and 119.8 ± 12.8 mmHg for the HFM condition (P > 0.05).  Diastolic blood 
pressure means were 72.2 ± 9.9 for the Placebo condition, and 71 ± 7.9 for the HFM 
condition (P > 0.05).  The FMD (mm) mean was 0.17 ± 0.10 for the Placebo condition 
and 0.26± 0.08 for the HFM condition (P > 0.05).   
 
Figure 1 illustrates the typical changes in diameter during a FMD test. Notice 
that immediately following the 5-min cuff occlusion period a substantial increase in 
diameter occurs, which allows for the calculation of FMD. At baseline the FMD (%) 
average was 3.7 ± 2.4% and 6.6 ± 2.6% for the Placebo and HFM conditions, 
respectively (P > 0.05).  Shear rate, AUC, means were 11336.5 ± 4034.0 and 10706.4± 
2989.2 for the Placebo and HFM conditions, respectively (P > 0.05).  Finally, the Peak 
Reactive Hyperemia means were 79.8 ± 12.7 cm s
-1
 and 72.3 ± 21.8 cm s
-1
 for the 
Placebo and HFM conditions, respectively (P > 0.05). 
 
 
Table 2: Baseline Characteristics 
 
   
Variable Placebo  HFM 
Systolic blood pressure, mmHg 122.8 ± 12.8  119.8 ± 12.8 
Diastolic blood pressure, mmHg 72.2 ± 9.9  71 ± 7.9 
24 
FMD, mm 0.17 ± 0.10  0.26 ± 0.08 
FMD, % 3.7 ± 2.4  6.6 ± 2.6 
Shear rate, AUC 11336.5 ± 4034.0  10706.4 ± 2989.2 
Peak Reactive Hyperemia, cm s
-1
 79.8 ± 12.7  72.3 ± 21.8 
Values are mean ± SD   
 
Figure 1: Representative brachial artery response during a FMD test. 
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Flow Mediated Dilation Responses 
 
The FMD (mm) Post-Meal mean value was 0.23 ± 0.09 mm for the placebo 
condition.  This Post-Meal mean value was significantly greater (p < 0.05, d=2.46) from 
the HFM mean value of 0.07 ± 0.04 mm (Figure 2).  Additionally, there was a 
significant difference (p < 0.05, d=2.56) in Post-Meal FMD (%) from placebo to HFM 
conditions at mean values of 5.27 ± 1.87% and 1.77 ± 0.86%, respectively (Figure 2).  
25 
Shear rate, AUC, mean values were not significantly different between the Post-Meal 
Placebo and HFM conditions.  The mean values for shear rate for the Post-Meal placebo 
condition were 9744.2 ± 3700.2, and 10890.2 ± 2531.9 for the Post-Meal HFM 
condition.  Also, Peak Reactive Hyperemia (cm s
-1
) mean values were not significantly 
different between the Post-Meal Placebo and HFM conditions.  Peak Reactive 
Hyperemia was at a mean value of 72.7 ± 18.1 cm s
-1 
at the Post-Meal placebo 
condition.  Peak Reactive Hyperemia was at a mean value of 83.6 ± 13.14 cm s
-1
 for the 
Post-meal HFM condition. 
 
 The FMD (mm) mean values were significantly different between meals 
(p<0.05, d=0.91) during the Post-IR conditions at 0.42 ± 0.32 mm and 0.21 ± 0.14 mm 
for Placebo and HFM conditions, respectively (Figure 2).  Likewise, FMD (%) mean 
values showed significant decrease (p<0.05, d=1.03) during the Post-IR conditions at 
10.32 ± 7.16% and 4.92 ± 3.32% for the Placebo and HFM conditions, respectively 
(Figure 2). The FMD response was not significantly different between Post-Meal and 
Post-IR time points for either the Placebo or HFM condition.  The Post-IR Shear rate, 
AUC, values were not significantly different between the placebo and HFM conditions 
at 11409.4 ± 6174.3 and 134712, respectively. Finally, the Post-IR mean values for 
Peak Reactive Hyperemia were not significantly different between placebo and HFM at 
83.36 ± 21.1 cm s
-1








Table 3: Effects of HFM and IR on brachial artery endothelial function 
   
  Baseline Post-Meal  Post-IR 



























































  Values are mean ± SD  
* Significantly different compared to Placebo 






























































































Due to technical problems the IL-6 response could only be measured in the 
HFM condition. Prior to ingestion of the HFM, IL-6 at baseline was 0.84 ± 0.17 pg/ml 
and after post-IR was 1.10 ± 0.73 pg/ml.  Blood could only be drawn from 3 
participants on the placebo day due to difficulties in drawing their blood.  Due to this, 
only the responses to the single HFM are included. 
 






































This study examined the impact of a single high fat meal on brachial artery 
endothelial function of healthy individuals following an ischemic reperfusion event via 
measurements of flow mediated dilation responses.  Both FMD measurements and 
Interleukin-6 concentrations were taken following baseline and ischemic reperfusion on 
each testing day after ingesting the placebo or high fat meal.  FMD measurements were 
compared between the placebo and high fat meal at the baseline, post-meal and post-
ischemic reperfusion conditions.  To our knowledge, this is the first study to investigate 
the effects of a single high fat meal on ischemic-reperfusion injury measured via 
differences in FMD response.  The results from FMD measurements between the 
placebo and high fat meal condition at baseline showed no significant difference.  
However, FMD measurements indicated a significant decrease in artery endothelial 
function from placebo to high fat meal in post-meal measurements, as well as a 
significant decrease in endothelial function from placebo to high fat meal in post-
ischemic reperfusion measurements.  This study hypothesized that a single high-fat 
meal that introduces a state of postprandial hypertriglyceridemia will augment the 
decrease in vascular endothelial function following ischemic reperfusion injury.  Based 
on the data, the hypothesis presented was not rejected and suggests that artery 




Effects of High Fat Meals on Cardiovascular Health 
 
 The typical Western diet of today contains an excess amount of total fat as 
compared to previous years
7
.  One complication of increased fat intake is an increased 
risk of cardiovascular disease
1
.  In the United States of America, cardiovascular disease 
happens to be the leading cause of mortality
1
.  As seen in the results from this study, 
even a one-time acute increase in fat intake can result in dysfunction within the 
cardiovascular system.  It may be possible that chronic high fat intake leads to a state of 
chronic damage to the cardiovascular system over time. 
 
 This constant introduction of high amounts of fat into the blood stream can lead 
to the build up of plaque, otherwise known as atherosclerosis.  Aside from the plaque 
build up, this increase in triglycerides in the system results in an increase in oxidative 
stress on the endothelium
2
.  Increases in oxidative stress can result in the inactivation of 
nitric oxide, ultimately leading to a decrease in endothelial function
3
. Though nitric 
oxide was not specifically measured it can be speculated that similar the study done by 
Piper, et al. ((2004), subjects in this study experienced a decrease in nitric oxide 
bioavailability which resulted in decreases in endothelial function.  This study is in 
agreement with Ceriello, et. al. (2002), in that introducing a high fat meal will bring 
about a hypertriglycemic state resulting in a decrease in endothelial function. 
 
 The present study differed in design from several others in that the population 
tested consisted of healthy college aged males.  However, similar results were found 
31 
between most studies in that no matter the population or number of high fat meals 
given, there was a decrease in endothelial function.  The healthy subjects in this study 
had a similar response to type 2 diabetic patients in studies conducted by Anderson et 
al., and Saxena et al. (2001, 2005), which had decreases in endothelial function 
following the ingestion of the high fat meal
30, 34
.   
 
 Other studies have examined oxidative stress of the endothelium through 
measurement of inflammation in the form of pro-inflammatory markers.  One study by 
Peluso et at. (2012), found that healthy overweight subjects showed significantly greater 
levels of pro-inflammatory markers following the ingestion of a high fat meal
40
.  These 
results are contrary to results found by this study, which found no significant increase in 
pro-inflammatory markers.  This could possibly be due to the low sample size in this 
study or the fact that a blood sample was not feasible in some of the subjects tested.  
Additionally the study by Peluso et al. (2012), used a large meal rather than a single 
high fat meal used by this study.  This could also contribute to the conflicting results 
found by the two studies. 
 
Factors that Impact Ischemic-Reperfusion Injury 
  
A variety of factors can affect Ischemic-Reperfusion injury including but not 
limited to, time length of infarction, type of tissue affected, and endothelial health prior 
to injury.  In highly aerobic tissue, such as cardiac tissue, an ample amount of oxygen is 
required to function properly, and permanent damage can be seen at 20 minutes of 
32 
ischemic condition and beyond
4, 16
.  These results of this study were contradictory to a 
study by DeVan, et al., which showed a decrease in FMD in young subjects following 
their IR-Injury
25
.  It should be noted that in the study by DeVan., et al., that the subjects 
vascular function recovered fully at 45 minutes post cuff release
25
.  This study was 
different in that the ischemic region was the arm, looking more specifically at the 
brachial artery to identify consequences of 20 minutes of ischemic conditions.  Even 
though the arm is far less aerobic than cardiac tissue, ischemic conditions can still bring 
about reductions in pH as a result of hydrogen ion concentration increases
4
.  
Additionally, the deprivation of oxygen can bring about exhaustion of the glycolytic 




 More damage can be done to the endothelium during this period with 
disturbances in membrane potential, increase in reactive oxygen species, and a decrease 
in nitric oxide production/utilization as stated above
21
.  This endothelial dysfunction of 
the artery can result in the impairment of endothelium, nitric-oxide mediated relaxation 
or dilation of the smooth muscle
21
.  Results from this study are in disagreement with the 
study by Carden et al., in that we did not observe a significant decrease in FMD 
following the IR period.  In fact, this study observed an increase in FMD following the 
IR period, though the values were not significant. This increase in mean values may be 
due in part to the relatively young age of our participants, the small sample size, or 
issues in achieving full occlusion of the artery for a 20 minute period. However, this 
study does clearly demonstrate that the introduction of the high fat meal can worsen the 
function of the endothelium following an ischemic-reperfusion event. 
33 
 
 Gross et al., found that the ischemic conditions introduced oxidative stress on 
the endothelium following an ischemic reperfusion event
22
.  The increased amount of 
oxidative stress on the endothelium resulted in the dysfunction of the endothelium’s 
ability to dilate following the ischemic reperfusion event
22
.  More specifically, the 
reactive oxygen species were a contributing factor in the inhibition of nitric oxide which 
is key in the dilation of the endothelium following the ischemic-reperfusion event
4
.  In 
addition to ischemic conditions, oxidative stress can also be caused by the ingestion of a 
high fat meal and therefore can further damage the endothelium
9
.  Like previous 
studies, this study found that the ingestion of a high fat meal will yield a decreased flow 
mediated dilation response, and therefore signal endothelial injury.  This study also 
found that the depressed flow mediated dilation response, and thus endothelial injury, 
remained even after the ischemic reperfusion injury occurred. 
 
 In regards to age, this study tested a healthy and active population with a fairly 
young age range (19-26 years).  Other studies found slight differences in flow mediated 
dilation responses between varying age groups and training conditions
25, 26
.  More 
specifically, subjects who were middle aged showed a significant decrease in 
endothelial function following an ischemic-reperfusion injury as compared to those who 
are younger.  Additionally, a similar study by DeVan et al., showed that those with 
resistance training were better protected from the endothelial impairment of an 
ischemic-reperfusion injury than are those who were not resistance trained
26
.   
  
34 
Implications of the Present Study 
  
Based on the results of this study, there may be broad clinical benefit to a 
specific population.  When an individual ingests a single high fat meal, it clearly 
inhibits proper function of the endothelium for even the average healthy individual.  
When a high fat meal is coupled with an ischemic-reperfusion event the endothelium’s 
function is even worse.  Extrapolating this data out, if an individual has a chronic high 
fat diet their endothelium is experiencing this damage on a daily basis and chronic 
damage could possibly result over time. 
 
 This study did not test older populations or those with co-morbidities.  If similar 
testing were done with other already diseased populations, similar results could possibly 
be found based upon previous research that tested the effects of ischemic-reperfusion 
and high fat meals separately.  Clinicians or patients could take this information and 
apply it to their daily lives to reduce the amount of high fat meals consumed on a 
regular basis.  A reduction of high fat meals from an individual’s diet would likely 




This study is not representative or applicable to a variety of populations.  The 
sample size was small for this study, and the age range was very narrow.  Based on the 
abnormal increase in FMD following IR-injury, there may not have been full occlusion 
35 
of the subject’s artery for a 20 minute period.  Similar results may not be found in an 
older population, obese population, or those with other health complications.  
Additionally, this study only tested males.  Because of this results may not be applicable 
to females.  This study did not control for training status.  Based on previous studies an 
individual’s training status could have an effect on the flow mediated dilation response.  
The meal given was limited in carbohydrates and proteins, while being rather high in 
fat.  While this isolated the effect of the fat, it is likely not representative of an average 




Studies in the future should expand to different populations to determine if the 
effects seen from these results are replicated.  Isolating different training statuses or 
health complications along with a similar protocol would further the knowledge on the 
subject.  Comparing a similar protocol between populations of different age groups but 
similar health statuses would give better information as to the effects of age on high fat 
meals and ischemic-reperfusion injury.  As mentioned above, future studies should test 
women to see if similar responses are present.  Future studies may want to present a 
subject with a meal that is more representative of an average high fat western meal.  
More specifically, additional research could test to see if similar results are found with a 
solid meal, as compared to the liquid meal that was consumed by subjects in this study.  
Other markers for inflammation aside from IL-6 could also be taken to see if the 
amount or type of fat ingested leads to alterations in other inflammatory markers.  Other 
36 
studies have looked at inflammatory markers such as: C-reactive proteins (CRP), tumor 





Chapter 6: Conclusion 
 
 Previous studies have researched the impact of ischemic-reperfusion injury on 
the endothelium.  Other studies have investigated the impact of high fat meal(s) on the 
function of the endothelium and have found that the meal significantly impacts the 
endothelium-dilation of the artery.  However, to the best of our knowledge, no studies 
to date have evaluated the impact of a single high fat meal followed by ischemic 
reperfusion on endothelial function.  Thus the aim of this study was to examine the 
effect of postprandial hypertriglyceridemia, via a high fat meal, on vascular endothelial 
function following ischemic-reperfusion injury.  This study hypothesized that 
consuming a high fat beverage followed by an ischemic-reperfusion injury would 
impair endothelium-dependent vasodilation.  Subjects were given either a placebo or 
high fat meal consisting of 1.5 grams of fat per kg of body weight.  Impairment of the 
endothelium was assessed via ultrasound both before and after ischemic-reperfusion 
injury with use of a flow mediated dilation technique.  Results from this study were in 
agreement with previous studies and showed that the high fat meal alone caused a 
significant decrease in endothelium dependent flow mediated dilation.  Furthermore, 
results were in agreement with this study’s hypothesis in that the dilation response of 
the endothelium was also impaired following the ischemic-reperfusion injury.  More 
specifically these results show that consuming a single high fat meal can have a long 
lasting impairment of the endothelium considering the endothelial dilation remained 
depressed following the ischemic-reperfusion event.  This is clinically relevant in that it 
can provide a healthy population with knowledge as to the impact of a single high fat 
38 
meal in conjunction with a negative cardiovascular event such as ischemic-reperfusion 
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